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HIGHLIGHTS 


•  Fire  risks  and  behaviors  of  charged  lithium  ion  batteries  were  investigated. 

•  The  thermal  runaway  of  charged  lithium  ion  batteries  was  experimentally  studied. 

•  The  effects  of  state  of  charge  on  burning  behaviors  of  LIBs  were  evaluated. 

•  The  heat  release  rates  of  LIBs  were  experimentally  measured. 

•  The  internal  generated  oxygen  accounts  for  up  to  13%  of  total  heat  release  rate. 
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Numerous  of  lithium  ion  battery  fires  and  explosions  enhance  the  need  of  precise  risk  assessments  on 
batteries.  In  the  current  study,  18650  lithium  ion  batteries  at  different  states  of  charge  are  tested  using  a 
cone  calorimeter  to  study  the  burning  behaviors  under  an  incident  heat  flux  of  50  kW  m-2.  Several 
parameters  are  measured,  including  mass  loss  rate,  time  to  ignition,  time  to  explosion,  heat  release  rate 
(HRR),  the  surface  temperature  and  concentration  of  toxic  gases.  Although  small  quantities  of  oxygen  are 
released  from  the  lithium  ion  battery  during  burning,  it  is  estimated  that  the  energy,  consuming  oxygen 
released  from  the  lithium  ion  battery,  accounts  for  less  than  13%  of  total  energy  released  by  a  fully 
charged  lithium  ion  battery.  The  experimental  results  show  that  the  peak  HRR  and  concentration  of  toxic 
gases  rise  with  the  increasing  the  states  of  charge,  whereas  the  time  to  ignition  and  time  to  explosion 
decrease.  The  test  results  of  the  fully  charged  lithium  ion  batteries  at  three  different  incident  heat  fluxes 
show  that  the  peak  HRR  increases  from  6.2  to  9.1  kW  and  the  maximum  surface  temperature  increases 
from  662  to  934  °C  as  the  incident  heat  flux  increases  from  30  to  60  kW  m-2. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  lithium  ion  batteries  (LIBs)  have  been  widely  used  in  elec¬ 
tronic  products,  vehicles  and  aerospace  applications  owing  to  their 
excellent  features  of  high  power  capacity,  stable  voltage,  long  life 
cycle  and  low  self-discharge  [1,2].  However,  the  LIBs  fires  and  ex¬ 
plosions  have  occurred  occasionally  in  the  transportation  because 
their  thermal  stability  is  sensitive  to  temperature,  overcharging, 
extrusion  and  collision.  For  instance,  the  Asiana  Airlines'  B747 
freighter  crashed  into  the  sea  on  July  29, 2011,  killing  two  pilots,  due 
to  a  cargo  fire  caused  by  LIBs  [3].  Therefore,  to  ensure  the  safety 
transportation  of  LIBs,  it  is  worthwhile  to  study  the  burning  be¬ 
haviors  of  LIBs. 
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Previous  researches  have  reported  that  the  LIBs  underwent 
thermal  runaway  reactions  which  lead  to  the  combustion  of  or¬ 
ganics  electrolyte  and  rupture  under  heating  conditions  [4,5].  Jhu 
et  al.  6]  conducted  a  set  of  experiments  in  an  adiabatic  calorimeter 
and  found  that  the  charged  LIBs  were  more  hazardous  than  un¬ 
charged  ones  and  the  maximum  surface  temperature  of  the 
charged  LIB  could  reach  903  °C.  Roth  et  al.  [7]  showed  that  the 
thermal  runaway  reactions  of  LIBs  were  affected  by  the  state  of 
charge  (SOC)  using  an  accelerating  rate  calorimeter.  Increasing  SOC 
reduced  the  onset  temperature  of  thermal  runaway  reactions  and 
increased  acceleration  rate.  Ribiere  et  al.  [8]  demonstrated  the  fire- 
induced  hazards  of  Li-ion  polymer  batteries  using  a  Tewarson 
calorimeter.  It  was  found  that  the  HRR  and  toxic  gases  productions 
depended  significantly  on  the  SOC.  Golubkov  et  al.  [9]  concluded 
that  the  maximum  surface  temperature  of  LIBs  with  the  format 
18650  was  850  °C  as  measured  using  a  custom-designed  test  stand. 
The  above  researches  have  concentrated  on  the  LIB  burning 
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behaviors  while  heated  using  different  calorimeters.  However,  cone 
calorimeter,  as  an  important  apparatus  in  hazardous  material  as¬ 
sessments,  has  not  yet  been  applied  to  evaluate  the  burning  be¬ 
haviors  of  LIBs.  Of  the  many  fire  reaction  properties  measured  by 
the  cone  calorimeter,  it  is  generally  recognized  that  the  HRR  is  the 
most  important  factor  in  controlling  fire  hazards,  which  corre¬ 
sponds  directly  to  the  intensity  of  fire.  The  HRR  has  been  studied  by 
Ribiere  using  the  Tewarson  calorimeter.  Their  estimate  of  the 
maximum  energy,  liberated  by  the  Joule  effect  which  cannot  indeed 
be  related  to  O2  consumption,  is  about  10%  of  the  overall  energy  of  a 
fully  charged  Li-ion  polymer  battery.  The  present  work  is  to  esti¬ 
mate  the  HRR  of  format  18650  LIB  using  the  cone  calorimeter.  The 
HRR  is  estimated  by  oxygen  depletion  and  mass  loss  methodolo¬ 
gies,  providing  experimental  data  to  infer  the  amount  of  released 
energy  using  up  oxygen  liberated  from  the  LIB.  Then  this  work 
investigates  the  burning  behaviors  of  LIBs.  The  experiments  focus 
on  two  aspects :  ( 1 )  the  effect  of  the  SOC  on  the  burning  behaviors  of 
LIBs,  (2)  the  burning  behaviors  of  the  fully  charged  LIBs  at  different 
incident  heat  fluxes.  The  collected  data  by  the  cone  calorimeter  can 
be  either  used  directly  by  researchers  or  used  as  input  data  for 
mathematical  models  to  analyze  the  thermal  and  chemical  threats 
[10]. 

2.  Brief  introduction  to  format  18650  lithium  ion  battery 

An  18650  lithium  ion  battery  mainly  consists  of  a  positive 
electrode  (cathode),  a  negative  electrode  (anode),  a  separator  and 
electrolyte.  The  cathode  is  a  lithium  cobalt  oxide  and  the  anode  is 
graphite.  Lithium  ions  are  extracted  from  the  anode  and  flow  into 
the  cathode  during  discharge.  The  ions  reverse  direction  during 
charge  [11]. 

As  shown  in  Fig.  1,  the  LIB  has  a  diameter  of  18  mm  and  a  length 
of  65  mm.  The  separator  is  a  very  thin  sheet  of  micro-perforated 
plastic  allowing  ions  to  pass  through,  which  is  located  between 
the  cathode  and  anode  separating  the  positive  and  negative  elec¬ 
trodes.  The  electrolyte  is  a  solution  consisting  of  organic  solvent 
and  inorganic  salt,  which  provides  the  media  for  lithium  ions 
transport.  The  LIB  is  constructed  by  winding  long  strips  of  elec¬ 
trodes  into  a  “jelly  roll”  configuration.  Electrode  stacks  or  rolls  can 
be  inserted  into  hard  cases  that  are  sealed  with  gaskets.  The 
enclosure  of  a  hard  case  cell  is  aluminum.  A  burst  disk  is  used  as 
safety  vent  [12  . 

3.  Experimental  setup 

3.2.  Samples 

The  LIBs  used  in  the  current  study  are  manufactured  by  Sanyo. 
Table  1  shows  the  information  of  LIBs.  The  nominal  capacity  of  the 
LIB  is  2.6  Ah.  The  LIB  is  charged  to  the  expected  SOC  and  then  put  in 
the  cone  calorimeter  to  research  the  burning  behaviors. 


Table  1 

Information  of  commercial  18650  lithium-ion  batteries. 


Sample 

Producer 

Type 

Capacity  (Ah) 

SOC  (%) 

A 

Sanyo 

UR18650FM 

2.6 

100 

B 

Sanyo 

UR18650FM 

2.6 

70 

C 

Sanyo 

UR18650FM 

2.6 

65 

D 

Sanyo 

UR18650FM 

2.6 

50 

E 

Sanyo 

UR18650FM 

2.6 

0 

3.2.  Apparatus 

The  cone  calorimeter  experiments  were  carried  out  according  to 
the  procedures  in  the  ISO  5660-1  standard  [13  .  The  samples  were 
put  horizontally  in  a  sample  holder  staying  on  a  load  cell.  Ceramic 
fiber  blanket  was  used  underneath  the  samples  for  thermal  insu¬ 
lation.  The  sample  holder  was  covered  by  a  wire  grid  to  prevent  the 
LIB  explosion  splashing  sparks  from  attaching  the  cone  heater  during 
the  test.  Two  K-type  thermocouples  were  wound  around  the  sample 
using  steel  wires,  which  attaching  the  sample  surface  at  different 
locations  in  order  to  obtain  the  surface  temperature.  The  cone  calo¬ 
rimeter  was  calibrated  according  to  the  procedure  in  the  ISO  5660-1 
standard  before  experiments.  Protection  screen  was  put  down  to 
prevent  explosion  splashing  sparks  from  widely  spreading.  Fig.  2 
presents  the  experimental  setup  in  the  cone  calorimeter.  As  shown 
in  Fig.  2,  the  surface  of  the  sample  was  radiated  by  the  cone  heater 
and  heated  up.  The  combustion  productions  were  collected  by  an 
exhaust  hood  and  transported  away  through  a  ventilation  system.  CO 
and  C02  gas  analyzers  were  used  to  measure  the  generation  of  carbon 
monoxide  and  carbon  dioxide.  An  O2  analyzer  was  used  to  measure 
the  oxygen  depletion.  The  fan  flow  rate  was  set  as  24  L  s_1.  A  camera 
was  positioned  to  observe  the  burning  process  of  the  LIB.  The 
ambient  temperature  was  around  30  °C  with  natural  ventilation.  The 
experiments  ended  when  flame  was  extinguished.  Each  experiment 
was  repeated  at  least  three  times  and  the  average  values  were  taken. 

During  the  test,  the  following  parameters  were  determined: 
mass  loss  rate,  the  time  to  ignition  and  the  time  to  explosion,  the 
yields  of  CO  and  CO2,  the  surface  temperature  and  HRR.  The  sample 
was  weighted  using  a  load  cell.  The  time  to  ignition  is  defined  as  the 
duration  time  which  is  needed  by  the  sample  from  being  exposed 
to  incident  radiation  till  a  visible  and  sustainable  flame  is  firstly 
established.  The  time  to  explosion  is  time  from  experiment  start  to 
explosion.  The  observation  of  time  to  ignition  and  explosion  were 
recorded.  The  temperature  readings  were  recorded  using  the  Agi¬ 
lent  34970A  data  acquisition  system.  The  HRR  and  the  yields  of  CO 
and  CO2  were  recorded  automatically  by  the  cone  calorimeter. 

4.  Results  and  discussion 

4.2.  Burning  process 

The  experimental  process  shows  the  LIB  reacts  strongly  while 
being  heated.  Fig.  3  presents  the  typical  burning  process  of  a  fully 


Heater 

Thermocouples 


Sample  holder 
Load  cell 


Fig.  1.  Structure  of  the  lithium  ion  battery. 


Fig.  2.  Experimental  setup  in  the  cone  calorimeter. 
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Fig.  3.  Burning  process  of  the  fully  charged  LIB  obtained  in  the  experiment. 


charged  LIB  during  the  experiment.  The  sample  undergoes  3 
noticeable  stages  during  the  experiment.  At  the  stage  1,  the  sample 
mainly  experiences  a  smoldering  stage  with  no  flame  presented 
while  in  phase  2  a  sustainable  flame  is  observed  above  the  sample. 
Stage  2  would  last  for  several  tens  of  seconds  before  the  burning 
process  goes  into  stage  3  in  which  a  severe  explosion  takes  place. 
When  the  sample  is  exposed  to  heat  flux,  the  surface  temperature 
of  the  sample  gradually  increases.  The  temperature  curve  versus 
time  is  plotted  in  Fig.  4,  where  the  surface  temperature  is  the 
average  value  obtained  from  the  two  thermocouples  attached  at 
the  exposed  sample  surface.  The  increasing  surface  temperature 
makes  the  package  plastic  to  melt  and  the  generation  of  gas  in  the 
LIB  results  in  the  swelling  of  the  LIB.  Soon  after,  it  is  seen  that  the 
burst  disk  cracks  and  small  amount  of  gas  releases.  At  the  same 
time,  the  surface  temperature  increases  significantly  at  125  °C 
because  of  solid  electrolyte  interface  (SEI)  layer  breaking  down 
exothermically.  Consequently  the  intercalated  lithium  directly  re¬ 
acts  with  the  organic  electrolyte  and  generates  more  heat  [14,15]. 
Due  to  the  new  SEI  layer  preventing  the  electrolyte  from  continu¬ 
ously  reacting  with  intercalated  lithium,  there  is  a  minor  temper¬ 
ature  decrease  at  approximately  255  °C.  The  new  SEI  layer  is 
formed  by  intercalated  lithium  reacting  with  the  electrolyte  15]. 
Then  the  surface  temperature  further  rises  because  the  new  SEI 
layer  decomposes  exothermically  with  the  increasing  temperature. 
When  the  temperature  is  over  264  °C,  the  surface  temperature 
increases  sharply  from  264  °C  to  the  maximum  temperature  of 
747  °C  within  10  s,  which  is  a  result  of  the  thermal  runaway  re¬ 
actions.  It  is  also  observed  that  a  violent  explosion  occurs  with  the 
cap  assemblies  of  the  LIB  ejected  and  a  large  amount  of  gas 
released,  and  then  the  fragments  and  evolved  gases  are  ignited. 


Fig.  4.  Temperature  profile  with  time  of  the  fully  charged  LIB  under  an  incident  heat 
flux  of  50  kW  nr2. 


When  the  explosion  ends,  the  temperature  decreases  slowly,  as 
shown  in  Fig.  4. 

The  temperature  increasing  rate  against  the  surface  tempera¬ 
ture  is  plotted  in  Fig.  5.  In  the  experiment,  the  cone  heater  heats  up 
the  sample  surface  and  raises  the  surface  temperature  from  30  to 
125  °C.  Then  the  sample  starts  to  react  exothermically  and  reaches 
the  first  peak  of  increasing  rate  at  148  °C.  However,  a  sudden 
decline  is  caused  by  the  endothermic  separator  fusing  [7  ,  as  shown 
in  Fig.  5.  It  is  noted  that  the  temperature  increasing  rate  starts  to 
arise  distinctly  at  the  temperature  around  264  °C  which  is  regarded 
as  the  onset  temperature  of  thermal  runaway  reactions,  at  which  a 
sufficient  concentration  of  flammable  vapor  is  produced. 

By  reference  to  Roth  et  al.  16],  the  SEI  layer  decomposes  at 
90-130  °C,  intercalated  lithium  reacts  with  the  electrolyte  at 
90-290  °C  (electrolyte  decomposes  at  200-300  °C),  and  positively 
active  materials  decompose  and  react  with  the  solvent  at 
150-500  °C.  The  endothermic  reactions  start  about  170  °C,  fol¬ 
lowed  by  exothermic  reactions  in  the  temperature  range  of 
170-330  °C  according  to  the  ARC  tests  [17].  The  results  of  the  cone 
calorimeter  experiments  are  basically  consistent  with  those  ob¬ 
tained  by  other  calorimetric  methodologies. 

4.2.  Time  to  ignition  and  time  to  explosion 

The  time  to  ignition  and  time  to  explosion  of  LIBs  are  listed  in 
Table  2.  It  can  be  seen  that  the  time  to  ignition  significantly  changes 
with  the  SOCs  under  the  same  incident  heat  flux.  The  higher  the 
SOC  is,  the  shorter  time  to  ignition  is.  However,  the  LIBs  with  0  and 
50%  SOC  are  shorter  than  that  of  the  LIB  with  65%  SOC.  The  time  to 


Fig.  5.  The  temperature  rate  versus  the  temperature  of  the  fully  charged  LIB  under  an 
incident  heat  flux  of  50  kW  m  2. 
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Table  2 

Time  to  ignition  and  time  to  explosion  of  LIBs. 


Incident  heat 
flux  (kW  mr2) 

SOC  (%) 

Time  to 
ignition  (s) 

Time  to 
explosion  (s) 

50 

100 

40 

81 

50 

70 

83 

156 

50 

65 

131 

200 

50 

50 

49 

Not  explode 

50 

0 

72 

Not  explode 

30 

100 

157 

182 

60 

100 

17 

55 

ignition  of  the  fully  charged  LIB  is  the  shortest  of  the  LIBs  at 
different  SOCs,  indicating  that  the  fully  charged  LIB  ignites  more 
easily  and  shows  high  fire  risk.  It  also  can  be  observed  that  the 
ignition  time  is  inverse  function  of  the  incident  heat  flux.  The 
higher  the  incident  heat  flux  is,  the  shorter  is  the  ignition  time.  In 
theory,  the  temperature  and  concentration  of  combustible  gas  are 
directly  relevant  to  ignition.  Fig.  6  presents  the  surface  tempera¬ 
tures  measured  in  the  experiments.  From  Fig.  6,  the  surface  tem¬ 
perature  increases  as  the  incident  heat  flux  increases.  For  high 
incident  heat  fluxes,  the  surface  temperature  increases  speedy,  the 
thermal  decomposition  of  the  LIB  is  also  rapid  and  produces  a  large 
amount  of  gas.  As  a  result,  the  time  to  ignition  is  short.  On  the  other 
hand,  for  low  incident  heat  fluxes,  the  surface  temperature  in¬ 
creases  slowly,  the  emission  of  gas  is  slow  so  that  the  time  to 
ignition  is  relatively  long. 

The  time  to  explosion  decreases  with  the  increasing  SOCs. 
Table  2  presents  the  fully  charged  LIB  explodes  at  81  s  while  the  LIB 
with  65%  SOC  explodes  at  200  s.  However,  the  LIBs  with  the  50  and 
0%  SOC  do  not  explode  during  the  experiments. 

43.  Heat  release  rate 

As  the  HRR  is  the  most  critical  factor  which  governs  thermal 
hazards  in  a  given  scenario  and  determines  whether  a  neighbor  LIB 
will  be  ignited  in  a  battery  pack  18],  it  needs  to  be  seriously 
considered  when  assessing  the  fire  risks  of  battery  pack.  There  are  a 
series  of  methodologies  developed  to  evaluate  the  HRR,  such  as 
methodologies  of  oxygen  depletion,  mass  loss  19,20]  and  tem¬ 
perature  rise  [21  .  The  oxygen  depletion  based  on  Thornton's 
principle  [22]  is  the  most  frequently  used  methodology.  For  a  large 


number  of  organic  solids  or  liquids  or  gaseous,  Thornton  found  that 
the  amount  of  energy  released  by  a  complete  burning  material  was 
proportional  to  the  amount  of  O2  consumed  by  the  combustion 
reactions.  The  advantage  of  this  methodology  is  the  direct  use  of 
oxygen  mass  without  the  knowledge  of  the  material  chemical 
composition  or  the  combustion  chemistry.  The  HRR  can  be  deter¬ 
mined  using  Equation  (1). 

q  =  E(m°02-m02)  (1) 

where  q  is  the  heat  release  rate  (kW),  rriQ2  and  m02  are  the  mass 
flow  rates  of  oxygen  from  the  incoming  air  and  in  the  exhaust  duct, 
respectively  (kg  s^1).  E  =  13.1  ±  5%  MJ  kg-1  is  the  energy  released 
per  mass  unit  of  O2  consumed  for  a  given  fuel  [23  .  In  this  work,  the 
HRR  is  measured  by  oxygen  depletion  method  and  calculated  by 
mass  loss  method. 

Fig.  7  shows  the  HRRs  estimated  using  the  two  methods.  The 
mass  loss  rate  is  recorded  by  the  load  cell  and  the  heat  of  com¬ 
bustion  of  a  fully  charged  LIB  is  found  in  the  literature  12].  The  HRR 
is  calculated  using  the  Equation  (2)  [18  , 

<7  =  xAHcmfuei  (2) 

where  rnfuel  is  the  mass  loss  rate  (kg  s-1),  AHC  =  6.2  MJ  kg-1  is  the 
heat  of  combustion,  and  x  denotes  the  combustion  efficiency 
(X  =  0.78)  [18]. 

From  Fig.  7,  the  HRR  curves  can  be  also  divided  into  3  stages.  At 
the  stages  1  and  2,  the  HRR  values  are  relatively  low,  while  the  ones 
at  the  stage  3  are  extremely  high  representing  the  LIB  explosion 
happening.  A  comparison  between  the  two  methods  indicates  that 
the  HRR  curves  are  substantially  identical.  As  shown  in  Fig.  7,  the 
HRR  curves  of  the  two  methods  almost  overlap  as  zero  at  the  stage 
1  due  to  the  absence  of  flame.  However,  the  HRR  values  estimated 
by  oxygen  depletion  method  are  lower  than  that  calculated  values 
using  Equation  (2)  at  the  stages  2  and  3.  This  can  be  attributed  to 
that  the  oxygen  depletion  method  underestimates  the  actual  oxy¬ 
gen  consumed  as  the  chemical  reactions  inside  the  LIB  can  produce 
a  spot  of  oxygen  during  the  burning. 

The  calculated  HRR  values  using  Equation  (2)  increase  slightly 
beyond  40  s.  However,  at  approximately  77  s,  the  calculated  HRR 
curve  presents  a  steep  decrease,  which  is  caused  by  the  pressure 
generated  by  the  explosion.  The  load  cell  is  pressed  suddenly  and 


0  50  100  150  200  250  300  350 

Time(s) 


Fig.  6.  Temperature  profiles  of  the  fully  charged  LIBs  under  incident  heat  fluxes  of  30, 
50  and  60  kW  m  2. 
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results  in  a  sharp  increase  of  mass  reading.  Shortly  afterward,  the 
calculated  HRR  value  increases  again  and  reaches  the  peak  HRR. 

At  the  stage  2,  the  positive  HRR  values  obtained  by  oxygen 
depletion  method  correspond  to  the  packaged  plastic  melting  and 
gas  burning  while  the  negative  HRR  values  at  about  44  s  and  75  s 
are  caused  by  the  oxygen  released  from  the  decompositions  of 
cathode  and  anode,  as  observed  in  Fig.  6.  Kumari  et  al.  [24]  claims 
that  generation  of  O2  is  due  to  the  decomposition  of  cathode. 
MacNeil  et  al.  25,26]  reports  that  above  200  °C  the  delithiated 
U0.5C0O2  decompose  and  release  O2  as: 

Li0  5CoO2^iLiCoO2+ico3O4+io2  (3) 

C03O4  can  decompose  with  the  presence  of  solvent  at  400  °C 
and  release  O2  and  CoO.  The  CoO  can  further  decompose  at  473  °C 
and  release  02. 
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C03O4  — >  3  CoO  +  —  O2 

(4) 

CoO  — >  Co  +  i  02 

2 

(5) 

In  the  meantime,  the  negative  electrode  also  releases  O2. 


(CH20C02Li)2  — >  Li2C03  +  C2H4  +  C02  +^02  (6) 

At  the  stage  3,  the  HRR  values  obtained  by  oxygen  depletion 
method  correspond  to  the  thermal  runaway  reactions  and  explo¬ 
sion.  The  energy  is  fleetly  released  and  the  peak  HRR  swiftly  rea¬ 
ches,  which  might  be  explained  by  the  presence  of  acidic  C-H 
bonds  of  imidazolium  cations  easily  converted  into  NHC-carbenes 
under  heat  conditions  [27  . 

It  should  be  noted  that  although  small  quantities  of  oxygen  are 
released  from  the  energetic  LIB  during  the  burning,  the  internally 
generated  oxygen  has  insignificant  effect  on  the  combustion  pro¬ 
cess  and  the  HRR.  The  comparison  between  the  measured  and 
calculated  HRR  values  shows  the  biggest  discrepancy  is  approxi¬ 
mately  13%,  as  shown  in  Fig.  7.  Therefore,  it  is  estimated  that  the 
energy,  consuming  the  O2  released  by  the  internal  redox  reactions, 
accounts  for  less  than  13%  of  the  overall  energy  released  by  a  fully 
charged  LIB.  This  confirms  the  feasibility  of  using  cone  calorimeter 
for  the  HRR  determination. 


Time(s) 

Fig.  8.  HRR  profiles  of  LIBs  at  different  states  of  charge  under  an  incident  heat  flux  of 
50  kW  nr2. 

Integrating  the  HRR  curves  gives  the  total  energy  released 
during  the  burning  which  ends  up  as  approximately  100, 101, 104, 
120  and  109  kj  for  100,  70,  65,  50  and  0%  SOC,  respectively.  It  is 
noted  that  the  fully  charged  LIB  releases  the  least  energy  but  has 
the  highest  HRR  value.  This  might  be  attributed  to  two  aspects:  (1 ) 
the  explosion  suddenness  restricts  the  oxygen  consumption,  lead¬ 
ing  to  incomplete  combustion  8],  (2)  the  internal  released  oxygen 
is  involved  in  the  combustion  in  relatively  short  burning  process. 

4.3.2.  Effect  of  incident  heat  flux  on  heat  release  rate 

Fig.  9  shows  the  HRR  profiles  of  LIBs  with  100%  SOC  under 
incident  heat  fluxes  of  30,  50  and  60  kW  nrT2.  It  is  found  that  the 
LIBs  burn  much  more  vigorously  under  high  incident  heat  fluxes  of 
50  and  60  kW  m-2  than  that  under  30  kW  nrT2.  The  increasing 
incident  heat  fluxes  have  a  strong  influence  on  the  intensities  of 
thermal  degradation  and  thermal  runaway  reactions.  It  can  be  seen 
in  Fig.  9  that  the  peak  HRR  values  increase  with  the  increasing 
incident  heat  fluxes.  According  to  the  experimental  results,  the 
peak  HRR  increase  from  6.2  to  9.1  kW  as  the  incident  heat  flux 
increase  from  30  to  60  kW  nrT2. 


4.3 A.  Effect  of  the  state  of  charge  on  heat  release  rate 

The  SOC  of  the  LIB  is  one  of  the  most  critical  factors  to  the 
chemical  reactions  and  it  should  be  less  than  50%  to  minimize 
degradation  and  aging  during  the  transportation  [28  .  Fig.  8  shows 
the  HRR  profiles  of  LIBs  with  the  SOCs  from  0  to  100%  under  an 
incident  heat  flux  of  50  kW  m~2.  The  HRR  profiles  of  LIBs  with  50 
and  0%  SOC  exhibit  similarly  while  the  others  are  closely  resemble. 
As  shown  in  Fig.  8,  the  SOC  has  an  effect  on  both  the  time  to  the 
peak  HRR  and  the  magnitude  of  the  peak  HRR.  The  peak  HRR  values 
reach  6.8,  6.5,  5.8,  1.5  and  1.1  kW  for  100,  70,  65,  50  and  0%  SOC, 
respectively.  It  can  be  concluded  that  the  fully  charged  LIB  is  more 
risky  compared  to  the  others  as  it  produces  the  highest  HRR, 
whereas  the  LIB  with  0%  SOC  is  the  safest  case  with  the  lowest  HRR 
and  without  explosion.  This  is  probably  because  that  the  HRR  is 
affected  by  the  stored  electrical  energy  which  is  stored  as  potential 
chemical  energy  [29].  The  more  energy  a  LIB  has  stored,  the  more 
energetic  the  exothermic  reactions  of  the  electrodes  with  the 
electrolytes  will  be,  the  more  heat  and  gas  generated  will  be,  the 
easier  the  explosion  occurs.  Thus,  it  can  be  concluded  that  the 
burning  hazards  of  the  LIB  rises  with  the  increasing  SOCs  and  less 
than  50%  SOC  is  reasonable  to  be  suggested  in  the  transportation. 


Fig.  9.  HRR  profiles  of  the  fully  charged  LIBs  under  incident  heat  fluxes  of  30,  50  and 
60  kW  nr2. 
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4.4.  Gas  analysis 

Another  key  factor  related  to  fire  is  the  toxic  gases  released. 
Figs.  10  and  11  show  the  CO2  and  CO  productions  profiles  for 
different  experimental  conditions.  From  Figs.  10  and  11,  CO  and  CO2 
productions  increase  with  the  increasing  SOCs.  02  is  generated 
from  the  decomposition  of  the  overcharged  delithiated  LiCo02  as  in 
Equation  (3).  The  air  inside  the  LIB  contains  CO2  and  the  redox 
reactions  in  the  LIB  also  generate  CO2  as  in  Equations  (7)-(9).  The 
oxidation  reactions  of  electrolyte  and  O2  in  the  LIB  release  CO2  [30]: 

C3H603  +  302  — >3C02  +  3H20  (7) 

The  other  reactions  of  water  and  HF  (decomposition  product  of 
LiPF6)  in  the  electrolyte  are: 

Li0C02CH3  +  HF^LiF  +  CH3OH  +  C02  (8) 

(CH20C02Li)2  +  H20^Li2C03  +  2CH2OH  +  C02  (9) 

The  carbon  monoxide  is  likely  to  be  generated  from  the  reduc¬ 
tion  of  C02  with  intercalated  Li  at  the  anode. 

2C02  +  2Li+  +  2e~  — >Li2C03  +  CO  (10) 

Another  source  of  the  carbon  monoxide  may  be  the  incomplete 
combustion. 

As  a  result,  higher  SOCs  will  lead  to  larger  amount  of  02.  The 
increasing  concentration  of  oxygen  will  lead  to  more  C02  and  CO 
productions  according  to  Equations  (7)  and  (10)  consequently. 

At  the  ignition  point  both  the  CO  and  C02  emitted  from  the  LIB 
increase  because  the  CO  and  C02  increase  when  the  flame  appears. 
The  CO  and  C02  generation  rates  present  a  significant  increase  at 
which  the  LIB  goes  into  thermal  runaway  reactions  till  explosion 
and  then  decrease  rapidly. 

5.  Conclusions 

This  study  has  examined  the  burning  behaviors  of  LIBs  using  the 
cone  calorimeter  with  key  parameters  including  the  FIRR,  mass  loss 
rate,  the  time  to  ignition  and  concentration  of  toxic  gases  investi¬ 
gated.  The  FIRR  was  analyzed  using  oxygen  depletion  and  mass  loss 
methodologies.  From  the  comparison  of  the  two  methods,  it  is 
concluded  that  the  energy,  consuming  oxygen  released  from  the 


Fig.  10.  CO  production  profiles  of  LIBs  at  different  states  of  charge  under  an  incident 
heat  flux  of  50  kW  m  2. 


Fig.  11.  C02  production  profiles  of  LIBs  at  different  states  of  charge  under  an  incident 
heat  flux  of  50  kW  nr2 


LIB,  accounts  for  less  than  13%  of  the  overall  energy  released  by  a 
fully  charged  LIB.  The  LIBs  with  100,  70,  65,  50  and  0%  SOC  were 
evaluated  under  incident  heat  flux  of  50  kW  m~2  while  the  LIBs 
with  100%  SOC  were  tested  under  different  incident  heat  fluxes  of 
30, 50  and  60  kW  nrT2.  The  results  show  that  the  SOC  has  significant 
effects  on  the  burning  behaviors  as  the  stored  electrical  energy 
plays  an  important  role  in  burning  process.  According  to  result,  the 
fully  charged  LIB  presents  the  highest  surface  temperature  of 
797  °C,  the  maximum  peak  HRR  value  of  6.8  kW,  the  shortest  time 
to  ignition  of  40  s,  the  shortest  time  to  explosion  of  81  s  and  the 
highest  CO  and  C02  productions  of  respective  38  kg  kg-1  and 
348  kg  kg-1.  As  a  result,  the  fully  charged  LIBs  are  more  dangerous 
than  the  others. 

With  respect  to  the  effect  of  incident  heat  flux,  exposing  the  LIBs 
to  high  incident  heat  fluxes  would  be  very  dangerous,  as  the 
accumulation  of  heat  at  the  surface  might  cause  severe  thermal 
decomposition  and  thermal  runaway  reactions.  The  temperature 
control  of  the  LIB  is  crucial  to  prevent  the  occurrence  of  thermal 
runaway  reactions.  The  surface  temperature  and  the  peak  HRR  in¬ 
crease  as  the  incident  heat  flux  increases  while  the  time  to  ignition 
and  time  to  explosion  decrease.  The  highest  temperature  reaches 
934  °C  at  60  kW  m~2  which  is  far  more  than  the  ignition  temper¬ 
ature  of  normal  combustible  materials.  The  burning  LIB  could  ignite 
adjacent  batteries  in  the  battery  pack  and  cause  the  entire  batteries 
to  ignite  or  rupture.  The  current  results  also  indicate  that  applying 
the  cone  calorimeter  to  evaluate  the  thermal  hazards  of  LIB  is  a 
reasonable  technique  in  LIB  safety  assessments.  Future  work  will 
focus  on  the  thermal  behaviors  of  multiple  LIBs  in  a  module  trig¬ 
gered  by  heating  conditions. 
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